OUTLINE OF THE PROBLEM
The research studies presented in this report had as their main objectives : (1) the comparison of the relative merits of steel castings and steel weldments when employed in similar designs for commercial structures, and (2) the development of design fundamentals that can be used by design engineers in comparing the structural advantages of steel castings and steel weldments.
Static and fatigue test data are important in any comparison of the properties of engineering materials and structures, and studies were designed to investigate these properties, Also, it was advisable to compare steel castings with steel weldments, but usually these parts are of such size that they cannot be completely tested. Therefore, it was decided to study portions of such structures.
Castings and weldments are made up of a number of joining sections, the most common of which are the L section and the box section. These sections were investigated as photoelastic models, as steel castings, and as steel weldments.
The designs employed were similar but they were cast and welded in accordance with commercial procedures in order to assess the advantages and disadvantages of steel castings and weldments as engineering structures.
SUMMARY OF CONCLUSIONS
Joining sections in the form of L sections and box sections were produced by commercial methods as steel castings and as weldments of rolled steel. The weldments and the castings were tested in static loading and in fatigue loading. Photoelastic models were made of the corner designs and studied photoelastically.
The research studies showed that steel castings have better fatigue properties than weldments for similar corner designs. Also, the corner designs produced as steel castings resulted in lower stress concentration than existed in comparable designs as produced by fabrication welding. The stress concentration factors for welded corners are dependent upon the particular shape attained by the weld fillet. Actual values are higher than those found by photoelastic studies of idealized shapes having smooth, well radiused fillets.
The static loading studies showed that the L and box section designs as steel castings were stronger than the weldments.
The corner designs listed in order of increasing stress concentration factors are types 1, 2, 3, 4 and 5. Corner designs 1 and 2 gave the greatest fatigue life.
Internal discontinuities did not reduce the fatigue life of the L or box section designs of either castings or weldments. Surface discontinuities in the region of the fillet area did reduce the fatigue life of both weldments and castings.
PREFACE TO THE RESEARCH REPORT
Design and materials engineers are called upon to design and to recommend the form the engineered part shall assume in the finished machine. There is always the question of whether the design should be made as a casting, a weldment, a forging or completely machined from wrought steel stock. The decision is not always one of design, as certain economical features must be given consideration. Such items as final cost, including machining, availability, and delivery schedules, often dictate the final selection. But even more important than these is the familiarity and knowledge which the engineer has concerning the type of construction and the quality that may be expected from the various structures in question.
An example of this dilemma can be cited. An engineer who is very familiar with forgings may think of the structure as a forging during the time the structure is designed. Since he is not too familiar with castings, he may employ in the design of a casting much higher factors of safety or quality than he normally would in a forging to such an extent that the casting would not be economical from the standpoint of final weight or cost con siderations. Similar comparison can be made between castings and weldments or forgings and weldments. Another engineer with considerable background and experience with castings would not employ these extra safety and quality factors and would have no hesitancy in adopting castings.
It is evident that there has been a need for considerable engineering information comparing the different engineering structures. However, such information is not easily obtained because the testing of complete and integral structures is difficult. In addition, large testing machines may be necessary to compile the test data and these machines often are not available or not of sufficient capacity to do the task. Furthermore, the tests, when completed, may not reproduce the actual service loads acting on the structure, and even if they did, they may be only applicable to the particular part in question.
It was thought, when this project was first proposed, that it would be sufficient to test a steel casting as compared to a similar structure produced by some other method of fabrication. For example, a comparison was attempted of a fitting as a steel casting and as a forging. However, while both steel casting and forging were for the same service ap-4 plication, their design and section characteristics were so different that they were, in reality, not comparable at all. Furthermore, the testing fixtures failed before the fittings yielded.
A decision was then reached regarding the testing of sections of a part. All engineering structures contain joining sections and these sections are, in effect, characteristic of the methods employed in their manufacture. It is also evident that the L section and the box section are found in numerous engineering structures. These joining sections are produced as a continuing member in castings but often they are joined together by a weld in a weldment. In such cases the design and the quality of the weld or the casting could have considerable bearing on the load carrying abilities of these members when incorporated into a unit structure.
The sections studied were produced as commercial steel castings and as commercial weldments. The steels used for their manufacture were of a similar range but they were not of the same strength. This is not a detriment to the studies because a commercial weldment and a commercial casting, in practically all cases of procurement, would not be of the same strength level. Furthermore, it was more important to show the designer what could be expected if he were comparing typical commercial weldments with typical structural grades of steel castings.
It should be noted here that the weldment designs were checked with welding fabricators, and modifications which they made in the design were adopted prior to their fabrication. Also, the two major weldment designs tested are approved by the American Welding Society as corner designs for fatigue service.
Considerable time elapsed in securing the commercial weldment designs because potential fabricators were advised that the weldments would be tested in comparison with steel castings and even though all research studies were to be made by an unbiased engineering university, there was much reluctance to provide the weldments. Even so, the cost of the weldments, on a pound basis, was several times the cost of the steel castings.
The Technical Research Committee believes that the information presented in this report will be an "eye-opener" to many engineers as to the structural advantages of steel castings. Moreover, the Committee knows that by these studies we are contributing important information not previously available to design and materials engineers; information that certainly will help them in their difficult task of assigning values to engineering structures.
The Committee wishes to gratefully acknowledge the assistance of American Steel Foundries, Dodge Steel Company and The Falk Corporation in supplying the steel castings. The weldments were purchased from a very reputable welding fabricator.
The Committee greatly appreciates the assistance of the subcommittee consisting of Dr. W The Society wishes to call to the attention of its members, the fact that the research on this project was instigated under the direction of Professor Harry D. Churchill at Case Institute of Technology, and that a considerable portion of the research investigations were carried on by him, and he was actively engaged with the work up to the time of his death. The Technical Research Committee appreciates his guidance and was indeed sorry to learn of his untimely death. The Committee acknowledges with appreciation, the willingness of Professors Nara and Wright to continue with the studies, and for their role in the final evaluation of the research.
The authors and the Committee also appreciate the excellent detailed research laboratory work given to the project by Mr. Bronis Vidugiris, a Case graduate research engineer who was engaged full time on these studies.
The Committee also desires to thank all members of the staff of Case Institute of Technology associated with these studies for their patience in carrying on the research. Fatigue testing of numerous specimens is a long and tedious task but their interest in the work was most refreshing since they firmly believed that the information attained was sought by all mechanical engineers concerned with the design and practical application of structures. 
Introduction
Steel castings and steel weldments are competitive materials employed in ferrous metal fabrications. They are at times used as replacements for each other in engineering structures, depending on the cost and quantity differential and the familiarity which the designer has in the material of construction and the service application of the particular engineering structure.
The studies of this research were undertaken with the express purpose of providing information on the design of steel casting and weldment sections and a comparison of the properties of these sections, so that the design engineer may be more familiar with the engineering characteristics of these two methods of fabrication for use in stress-carrying parts of engineering structures.
The L design is probably the most common method of joining sections in any engineering structure, and its design extension, the box section, is likewise found in numerous machines and structures. The studies of this research were designed to collect experimental data on the response of these sections, when produced as steel castings and weldments of wrought steel plates, when they were subjected to static and dynamic loads. The performance of these structures was then compared.
The L and box section test specimens employed in this research were manufactured by methods which are considered standard commercial practice for each process. The wrought and cast steels used were carbon steels normally employed and generally specified for each particular manufacturing process. The tensile strengths of these steels were not the same, but they were generally comparable and were very representative of each of the particular manufacturing processes. The tensile strength of the as-welded and stress-relieved weld deposit was comparable to the tensile properties of the cast steel. The tensile strength of the weld metal deposited by the submerged arc process was superior to that of the wrought steel, but was similar to the cast steel tensile properties.
It might have been desirable to have these two materials of comparable tensile strengths, but the The castings met the requirements of ASTM A The wrought steel plates were 27-55, Class 70-36. 7 essential requirement was that the study and the comparison of these materials should be based on normal commercial weldments and steel castings, as they are generally specified for similar service applications. It is information of this type that is of interest to the designer, as he must work with the materials which are readily available at minimum costs. The interest lies in a comparison of casting and weldment designs; not of cast steel and wrought steel plate. Product engineers are concerned with comparing normal commercial steel castings with normal commercial weldments of the same design for the same intended service.
This research encompassed a study of commercial products of fabrication, therefore, there was no selection made of the specimens to be tested. The cast and welded specimens were considered satisfactory for testing if they passed visual inspection by the producer.
The research agency, Case Institute of Technology, had the specimens examined by magnetic particle inspection and by radiography for the purpose of evaluating the performance of the specimens with the type and degree of discontinuities, if present; but no test specimens were rejected on this basis. All test specimens were employed in the investigation regardless of the presence or absence of surface or internal discontinuities.
All weldments were produced from one shipment of rolled plates. The castings were produced by two steel foundries in several heats, but the composition of all castings fell within the chemical limits of Table 1. purchased to meet the requirements of ASTM A 285-54, Grade C.
The tensile properties of the steel castings and of the steel plate are given in Table 2 . Tests were made from each casting heat after the castings had received a 1650 degree F normalizing heat treatment at the foundry. All steel castings are given at least a normalizing heat treatment prior to their shipment from steel foundries. Since this is a normal industry practice, the heat treatment was likewise carried out for the castings for this study.
The wrought steel plates were tested in the "asreceived" condition, which is normal for weldments. However, some of the welded designs were stressrelieved at 1100 degrees F, therefore, tests were made of the plate in the stress-relieved condition as well.
Specimen Designs
Two designs were employed, an L design ( Figure  1 ) and a box design (Figure 2 ). The castings and the weldments were produced as parts, as shown in Figure 3 . The section thickness was 5/8 inch. The castings were approximately 6 3/4 inches high and produced 5 samples. The weldments were 20 inches long and yielded 14 samples. The samples, 5/8 x 1-inch cross sections, were obtained from the part by sawing and machining.
Good design requires that the junction of sections be filleted. Four different corner designs were tested as steel castings. Also, three different corner designs were investigated as weldments, however, only two of these were the same as the casting designs. The dimensions of the desired radii are given in Table 3 and illustrated in Figures 4, 5 and 6.
The corner designs (see Figures 5 and 6 ) represent a range of design practices. Those that may be normal for casting designs are not common for weldment designs. Also, the opposite is true. In only two cases are the designs comparable. These are designs 1 and 2, and even these designs are not preferred by foundrymen because of solidification problems. Foundrymen would prefer the uniform section of the legs at the junction, and, therefore, designs 3 and 4 are the approved foundry designs.
The weldment designs 1 and 2 are preferred by frabricators for both static and dynamic loading, and full strength is obtainable for all loadings. Weldment design 5, the single fillet welded joint, however, is used in product design because fabricators can weld the structure from only one side. This use of this design is on the basis of low cost construction. It should not be used when tension resulting from bending is concentrated at the root of the weld, nor should it be used when the joint is subject to fatigue or impact loading. However, in some cases, this joint is used in such services, because the part is so constructed that welding is only possible from one side. Many parts in dynamic loading have been observed with the single fillet welded joint of type 5. weldments, machined and ground to the required thickness. The loading pin holes of the L section were drilled and reamed to 1.25 inch, and fitted with needle bearings to prevent fretting and subsequent sticking during fatigue testing.
Weldment Specimens
Specimens were prepared by both machine and hand welding. The plates were sheared to size and gas cut for welding. Lincoln Electric LH-70 rod was used for hand welding. A 5/32-inch diameter L-60 rod was used for machine welding. Figures 10 and  11 show the pass sequence in hand welding of the L design. No backing bars were used. Welding data are given in Table 4 . Welding was started cold and peening was done only for slag removal.
The box design castings were produced with all corners alike. This was not possible in the case of the welded box designs, which were made by producing type 1 or type 2 corners and then welding the two L plates together with type 5 design. Figure  7 shows a welded box section of type 1 corner welded with a type 5 corner design. The test loads were applied at the type 5 corner so as to test type 1 and 2 corners.
The dimensions of the finished L and box section ready for testing are shown in Figures 8 and 9 . The test specimens were cut from the castings and Weldment design 1 was constructed so that the plate' would act as its own back-up bar. This plate area was then chipped out prior to welding the fillet so that a completely penetrated weld would be obtained.
The machine-welded corners were prepared by submerged arc using a Lincoln LAF-2 automatic machine with an SE 600 amp. D.C. motor generator. A speed of 24 inches per minute was used. Figure  12 gives the pass sequence used for corner designs 1 and 2 and Table 5 gives machine welding data. Passes 6, 7 und 8 were not used in design 5. Neither preheating nor postheating was required, and there was no peening between passes. Some specimens were stress relieved at 1100 degrees F before testing.
Resulting Welded Design Fillets
The drawings of Figure 6 show a well-radiused junction fillet for the weld fabrication designs. However, the actual fillets as produced by welding, are not a radius, but are flat with rather sharp corners at the leg junctions, such as shown in Figure 7 and in the radiographs of Figure 13 . These fillets were not altered by grinding or machining to form perfect radii, since these are the typical fillets obtained in commercial welding and are found in weldments-they were tested in the shapes produced.
Specimen Quality
All finished machine specimens were radiographed prior to their being tested. However, the radiographic results were not passed on to the testing engineer, because they might have influenced his selection of specimens for testing. The selection of specimens for test was a random one, the same as any buyer would get when employing weldments or castings purchased to specifications which do not require nondestructive inspection. The radiographic quality information was used, however, in the evaluation of the test results. A radiograph of a weldment and of a casting showing discontinuities is illustrated in Figure 13 and Figure 14 .
The steel casting radiographs were classified according to ASTM E 71-52. Only the area in the neighborhood of the junction was rated. The greater the radiographic classification number, the greater the severity of the discontinuity. The radiographic inspection results are listed in Table 6 .
The discontinuities found were only those resulting from shrinkage, because of the unfed hot spot which was a result of the increased mass at the junction.
The radiographs of the steel weldments were classified according to ASTM E 99-55T. Discontinuities of rating A are minor, whereas those of Class E are very severe. The results are listed in Table 7 . The weldment radiographs showed no porosity, but discontinuities resulting from the presence of slag, incomplete penetration and lack of fusion, were observed in various degrees of severity. The percent of each corner design entirely free of discontinuities at the section junctions was as follows: ment. Therefore, all yield load values on a given corner design can be averaged. Table 9 shows a comparison of the average yield loads for the two structures.
Weldment design 1, corner 1, was of low quality, and the radiographs of these weldments apparently indicated the reason. It was pointed out that the section produced its own backing strip, and that after the outside weld was made, the section and the base of the weld bead were to be chipped out prior to the laying of the fillet weld. Apparently, the chipping operation was not carried out prior to welding the fillet as specified.
Static Tests
Failure of an engineering part occurs either by fracturing or by yielding, so that it malfunctions. A comparison of section junctions of weldments and castings was made to determine the loads which would produce yielding of the structure. Both the L and box sections were tested in tension. Wire strain gages, with a length of 1/8 inch, were mounted so that the gage spanned the point of estimated maximum stress. The load, which caused an offset of 0.2 percent on the load-strain curve, was defined as the yield load in pounds. Yield load rather than yield stress was reported because of the uncertainty of defining stress precisely from either strain measurements or theoretical calculations based on load, geometry and stress-strain laws for the particular material. Static yield loads for steel weldments and castings are given in Table 8 .
Casting L design 4 was not tested, because it was the same cross section as that of corner design 3. Weldment design L-5 was not tested because of the low fatigue test values for this design, as will be shown later. The width of the section junction is the same as that of casting design L-3 (0.625 the yield load was in the neighborhood of 1000 to 1100 pounds.
The breaking load of the specimen varied somewhat. This was especially true of the L designs, probably because of the difficulty of alignment of the L shape in tensile testing.
The steel casting yields at a significantly higher weldment. However, the cast steel has about a 33 percent higher yield strength than the steel plate normally used for commercial weldments. The yield loads vary for pronounced changes in design; for example, the yield loads for the box section are 5 times those of the L section.
Stress Concentration Factors inches)
. A preliminary value would indicate that load, of about 33 percent, than the corresponding Table 8 illustrates that there is no clear distinction between hand and machine welding as far as yield load is concerned, and no great effect can be attributed to the employment of stress relief heat treatEach of the 5 different corner designs has a different stress concentration factor. The stress concentration factor is defined as the ratio of the observed stress, as determined experimentally from strain measurements, to the nominal (calculated stress).* However, it is not always possible or practical in planning a design to make the part and measure the yield load before final selection of the material and the method of manufacture, as has been done in these studies. Nevertheless, it is necessary to have some means of computing the limiting load and determining the stress concentration factors. Another method of arriving at a value of stress concentration factor is by photoelasticity. # In this case, the stress concentration factor is the ratio of the photoelastic stress divided by the nominal stress.* * The stress concentration factors computed from the experimentally measured strains and from photoelastic stress should agree, and Table 10 gives the stress concentration factors for the various corner designs as determined by these two methods.
The data in Table 10 are significant. Many designers rely on photoelastic measurements, but the photoelastic specimens are idealized in that they duplicate the drawing exactly and do not have any manufacturing imperfections of surfaces or sections. The loading tests and strain measurements, on the other hand, are made on actual parts with all their deviations from the ideal drawing and surface imperfections. Therefore, the stress concentration factor, determined from photoelastic measurements, is the ideal factor, while that which is obtained from strain gage measurements is more nearly the actual stress concentration factor.
The two stress concentration factors agree remarkably well for the steel castings, but the photoelastic method greatly underestimates the strain measurement determined factor for the weldments. The major reason for this deviation is the inevitable departure of the fillet geometry from that shown by the idealized drawings. The drawing of Figure  6 shows a fillet of weld metal to a geometrical radius and smooth blending to the legs of the joining sections. However, the actual welds, produced commercially, have flat surfaces (see Figures 7, 13 and 15a), and what is worse, the fillet is commonly unsymmetrical ( Figure 15b ). Such uncontrolled departure from the drawing not only adds to the stress concentration, but increases its variability. Since the flat fillet is normal in welding, its effect must be carefully considered by designers, unless they wish to request the rather expensive step of contouring the weld by grinding. Steel castings, however, can be easily contoured and streamlined closely to any shape desired.
A minor possibility in the variation of weldments and castings could be the level of imperfections. The radiographic examination (Tables 6 and 7) showed that 74 percent of the castings were rated sound, but only 46 percent of the weldments were of this rating. This fact may contribute very little, if any, to the stress concentration factor value, but applying the results of stress analysis. through 20. The stress at any point is proportional to the number of lines or fringes which pass the point as the plastic replica is loaded. The photoelastic studies point out that values obtained can be directly applied if the design is to be a casting. If a weldment is specified, it is unrealistic to use the photoelastic study values unless the actual shape of the weld fillet is employed in the photoelastic test piece. Failure to make such changes from the idealized fillet generally results in too low an estimate of the actual stress concentration factor of weldments.
Corner Junctions in Fatigue
There is, naturally, considerable interest by material engineers and designers in fatigue tests, particularly tests on parts as distinguished from pure laboratory fatigue tests, because fatigue accounts for more service failures than any other single type of failure.
There was a time when the only fatigue test figure of interest was the endurance limit; that is, the highest alternating stress which could be applied and still not break the specimen. Recently, interest in limited fatigue life has increased. Since machines and equipment are not always designed to last indefinitely, basing design on a stress which permits infinite life may be unnecessarily restrictive.
Many designers are more interested in the results of limited life fatigue tests, which are merely a thorough study of the sloping portion of the familiar S-N curve. These tests supply the answer to the question of what number of cycles of stress the part will stand under given stress conditions. Of course, the answer depends on what probability of fracture is accepted as realistic.
These studies present data on the S-N curves for cast and welded box sections and on the percentage of failure of both cast and welded L and box sections tested under different loadings.
All fatigue tests were run on a Sonntag Universal Fatigue machine model SF-1-4 of 2000-lb capacity. This machine is shown in Figure 21 . The 5x beam type load amplifier shown was used on the box specimens, because the loads on these specimens were in excess of the machine's capacity. Figure  22 shows the loading fixture for the L specimens.
Loads were applied at a rate of 1800 cycles per minute. Load cycles ran from zero to a given maximum and back to zero, so that the load cycled but never reversed. Loads for the limited life fatigue test were chosen after preliminary tests so that most specimens would fail under one million (10 6 ) cycles.
A static load was applied in order to run the cycle without applying reversed load, and the cyclic load was plus and minus the static load. This gave an instantaneous maximum load of twice the static load and a minimum of zero. Table 11 shows the loads chosen for limited life tests.
The static yield strength is exceeded locally in some specimens because of the combination of the application of the loads selected for the limited life fatigue tests and the stress concentration factors. However, fatigue testing is a dynamic test so the phenomenon of delayed yield must be considered. * It is a well known fact that yielding is a time dependent property: the faster the loading, the higher the stress at which yielding occurs. In the present tests, the sample is subjected to loads in excess of the static yield strength for 0.0127 seconds per cycle. In effect, this would raise the yield strength about 50 percent of the static value.
Yielding was highly localized if it did take place. After a few thousand cycles, the preload held steady. This means yielding occurred almost at once and did not continue through the test. Another possible reason for the early loss of preload may not have been yielding, but merely the working in of all the parts. In any event, yielding does not seem to be a serious factor despite the fact that the stresses sometimes exceeded the static yield strength.
The preload on the I, specimens was kept within plus or minus 2 pounds of the designated load, whereas for the box specimens, the SR-4 strain gages, attached to the rear flexure plates of the load amplifier, were used to monitor the load. The preload locking nut was adjusted to drag on enough added load to maintain the desired level when necessary.
The fillets were coated with a light oil. Discoloration or "boiling" of the oil film denoted the first appearance of a crack during testing, and the number of cycles was recorded. Also, the number of cycles for complete failure was recorded.
An outline of the specimen was traced before testing, and the indications from a magnetic particle test and visual examination were noted. The position of the fatigue crack was also noted after the test. One such tracing is shown in Figure 23 .
Although stresses were computed at the point of failure in each specimen, it was decided to report the findings in terms of load on the part. This is a simplification of the procedure, because failure in fatigue often occurs at some point other than that at which theoretical maximum stress occurs, and there is always argument about whether the maximum stress or stress at point of fracture should be used.
There is ample justification for reporting results in terms of load and thus avoiding the confusion of --*A further discussion of Delayed Yield is given in Appendix IV.
stresses. When a part is designed, it must support or transmit certain loads. The question of stress arises when the design must be improved by eliminating stress raisers or in specifying a material and its processing. The purpose of the part is to carry load, and since this research was undertaken to compare parts made by two processes, load, not stress, is the natural unit for reporting.
First Appearance of Fatigue Crack
Specimens or parts, in general, will continue to function for some time after the appearance of a fatigue crack. The relation between the number of cycles to initiate fatigue failure and the number necessary for complete failure depends on a number of factors. There is no way to determine this relation satisfactorily even in a given part. Many designers use the number of cycles to complete failure as a criterion of the fatigue strength of a part, but others would rather consider the number of cycles to initiate failure.
The number of cycles to initiate a fatigue crack in the cast and welded specimens is listed in Tables  12 and 13 . A study of these tables will reveal that the number of cycles to initiate failure in any specimen design and at any given load varies considerably. Furthermore, there is no clear distinction for a given design between the cycles to initiate failure at one load and at another, nor is there a clear distinction between the cycles to initiate failure comparing one corner design with another. It can only be concluded that experimental conditions were such that distinctions of this sort cannot safely be made.
A comparison of the weldments and castings can be made of the comparable corner designs 1 and 2. The grouping in Table 14 displays this relationship. Table 14 shows that the numbsr of cycles required to initiate fatigue failure is higher in the case of castings than in the case of weldments. One million cycles was more than enough to initiate failure in 100 percent of the weldments.
Fatigue Limit
A limited amount of fatigue tests were made to establish S-N curves for certain designs. The box sections were chosen for these studies. The data are hardly sufficient to determine fatigue limits, but the curves show interesting features. The casting designs studied were the 1 and 3 corners or the maximum and the minimum cross-section of the section junction. The weldment design selected was corner 2, and a comparison was made between machine and hand welding with all test specimens receiving a stress relieving heat treatment of 1100 degrees F.
The cast design 1-BC, Figure 24 , had samples which ran out at 26,200 psi and 30,800 psi. Type 3-BC showed no failure at a load of 24,300 psi with 10 million cycles. The calculated stress values in psi, rather than the maximum instantaneous loads, are plotted. 
Limited Life Fatigue Tests-L Sections
The limited life fatigue tests are more significant and of greater utility to the designer or engineer than the S-N curves. Two different loads were used in testing the L sections: 1170 and 1300 pounds. Constant load fatigue testing will result in some specimens breaking sooner than others, and some may not break at all. If the number of cycles at failure are recorded for each sample, the figures will give rise to a normal statistical distribution. The designer decides that 1 percent, 5 percent or 10 percent of the parts can fail in service and then uses these distributions to determine the life of the part knowing the load which will be applied. Table 15 gives a summary of the limited life fatigue tests on L sections. Under "cycles to failure," there are three subheadings. "Low" cycles to failure show the life of the first sample of a set to break. Cycles to cause "50 percent" of the samples to fail are shown in the next column, and the highest number of cycles at which failure occurred is shown in the column headed "High." Naturally, where there were some specimens which did not break, there is no figure available for this column. In such cases, the maximum number of cycles which any specimen withstood without failure is shown in the last column of Table 15 .
Several things are apparent in Table 15 . All the welded specimens broke before 106 cycIes while many of the cast steel specimens sustained over 10 x 10 6 cycles without failure. Another fact is the generally longer life of castings under any given set of conditions. The superiority of steel castings over welded steel parts is very evident. This is particularly true for cast corner designs 1 and 2, which from the data compiled seem the best of the cast steel designs. However, it is true that at the low test load of 1170 pounds there is little, if any, advantage of corners 1 and 2 over 3. The 1300-pound load test series shows steel casting 1 and 2 corner designs are superior to design 3. Weldment design 5 (5-LW) gave very low fatigue life test results, with fatigue cycles of 5000 to 15000 for a 1300 pound load. This design is similar to casting design 4 except that while the casting has a small 1/4 inch radius fillet, the weldment is a sharp corner. It is very evident that welds at section junctions produced from one side only, without a fillet, should not be used in parts for dynamic service.
Any attempt to explain the difference in fatigue life by the difference in strength of the cast and rolled steel will meet with difficulty because, in the case of corner designs 1-LC and 2-LC, the fatigue life is several orders of magnitude greater than that of the welded parts; in fact, too great to be explained by the differences in tensile strength. In the case of design 4-LC, there is seemingly too little difference in fatigue life between the casting and the welded part to be explained by differences in tensile strength.
All of the test data which were summarized in Table 15 are plotted in Figures 26, 27 , 28 and 29. These curves show the number of cycles at which failure will occur. It should be remembered that in limited life tests constant loads are applied which may produce failure in one million cycles. However, in a number of cases, the castings did not fail even in 10 million cycles. The plotted data, therefore, illustrates the fatigue failures up to 10 million cycles.
The steel casting corners show the effect of the width of the junction of the L. The Type 1 design having the greatest width exhibits, in general, the greatest fatigue life. However, design Type 3 of a uniform section at the junction is a superior casting design and the curves obtained are somewhat similarly positioned to those of corner design Type 2 and not too inferior to those of corner design Type 1. Design Type 3 does exhibit a higher variability in performance which seems to be related to the width at the knee of the specimen. It was observed that if the width was greater than 5/8 inch, the specimen had a fatigue life more comparable to corner designs 1 and 2. If the thickness was less than 5/8, the fatigue life was less. Thus, design 3 is more sensitive to manufacturing variations which affect the cross-section at the maximum stress point.
Casting design 4-LC has a width of 5/8 inch and is similar to 3-LC but the sharper radius is reflected in a lower fatigue life.
The welded corner designs 1 and 2 were very similar in character as may be observed by comparing Figures 28 and 29. The variables of hand welding vs. machine welding and stress relief vs. as-welded specimens were insufficient to produce any large variations in the limited life fatigue tests. It would appear that the outside geometry of the weld surface, plus the unsymmetrical welded corner, would overshadow any effects which welding procedure or heat treatment has on the fatigue life. In fact, a single band can represent the data for the weldments such as is done in Figure 30 . The casting designs are plotted on the same graph for comparison purposes. This graph shows conclusively that cast corner designs 1, 2 and 3 (particularly 1 and 2) are definitely superior to any welded corner design and that the casting design 4 is more like the weldments in its fatigue life.
Photoelastic Studies of Cast and Welded L Designs
The corner designs for the cast and welded L specimens were produced in photoelastic material CR-39. All photoelastic tests were made at a maximum and constant load of 3.39 pounds.
The photoelastic models were exact replicas of the steel casting and weldment designs: smooth inside fillets for the castings, and flat inside fillets for the weldments.
The photoelastic patterns for the four casting L corner designs and for the 3 weldments are shown in Figures 16 to 20 , and in the numerous photographs of Part II of this report. The maximum fringe order on the inside fillet is given in Table 16 . Casting designs 1 and 2 were similar. In both cases the maximum stresses are located on the inner fillet edge above and below the horizontal centerline. Casting design 2 is 100 percent as strong as casting design 1 although the throat area is only 81 percent, and the section modulus is only 66 percent of those of the casting design 1 corner.
A load of 3.39 pounds produces a point of maximum stress located on the horizontal centerline on the inside fillet of casting design 3. This design is about 80 percent as strong as casting design 1-L although the throat section is 57 percent and the section modulus is 50 percent of the 1-L casting design.
Casting design 4-L had a stress pattern similar to 3-L except it was more concentrated because of the smaller inside radius. The load of 3.39 pounds induced a stress of 5 fringes. The section is approximately 61 percent as strong as the casting design 1-L. 
signs over the weldments than do the photoelastic studies. Although the weldment models were patterned closely to the welded specimens, it was not possible to duplicate the surface condition of the weld nor the sharp corner or notch of the position of the junction of the flat fillet with the legs of the L. It was necessary in the photoelastic specimens to have slight fillets at these two positions. This fact reduced the number of fringes developed in the photoelastic models of the weldments, and hence, the weld designs approached the casting designs, 1-L and 2-L. The relative strengths of the casting and weldment L designs as determined by photoelastic studies are summarized in the bar graphs in Figure 31 .
Limited Life Fatigue Tests-Box Sections
The loads employed in testing the box section design were 5000 and 7000 pounds. Table 17 summarizes the fatigue test data. In these studies only 7 sections did not show signs of a fatigue failure at 10 million cycles; all of these were steel castings.
Again, the over-all superiority of the steel castings is indicated.
Curves showing the individual data were plotted for the box sections as was done for the L section designs, namely, the number of cycles at a given load which would produce failure in a given percent of the samples tested. The curves for the box section castings are shown in Figure 32 and, for the weldment box sections, in Figures 33 and 34 . A comparison set of curves is illustrated in Figure 35 . Again, all of the weldment data are plotted in a band for a single load because there was no distinguishing significance to the various weldment procedures. Figure 35 definitely shows that the steel casting box sections, like the casting L sections, have a fatigue life that is superior to the steel weldment box sections. The improvement is hard to explain strictly on the basis of different tensile strengths.
Discontinuities and Fatigue Life Cycles
Weldments . . . Three elements in the welded joint determine its load-carrying performance, namely, the weld metal, the heat-affected zone, and the quality of the bond between the weld and parent metals. The determination of the weakest joint element, as well as the over-all joint properties, are of prime interest to the design engineer in assaying the performance characteristics. Therefore, when fracture does occur, the point at which separation starts and the path the fatigue crack follows are of prime interest. Fatigue failure initiates at some discontinuity or contour point of high stress concentration at the surface of the part because of inferior workmanship or poor design rather than at some internal discontinuity.
The research of L. A. Harris, et al, at the University of Illinois in the paper on "Fatigue Strength of Butt Welds in Structural Steels" concluded that "with the exception of one E6010 weld, all of the specimens tested with the weld reinforcement on, started to fail at the surface of the weld. Although all of the E6010 welds with the reinforcement on contained defects (porosity or slag inclusions) in the weld metal, only one fracture originated at a defect in the weld metal." . . . "All of the failures of the E6010 welds tested with the weld reinforcement ground off seemed to be initiated at surface defects in the weld metal. Only one of the failures of #7016 welds tested with the reinforcement off, initiated from a defect near the surface in the weld metal, the remainder of the failures initiated from the surface of the weld."
The bar graphs prepared from data of this investigation shown in Figure 36 also indicate that there was no relationship between the number of cycles to fatigue failure and the internal soundness, or quality, of the welds. This condition was particularly true in regard to the first appearance of the fatigue crack. The length of the shaded bars shows the number of cycles observed at the time of the first appearance of the fatigue crack. The total length of the bar shows the number of cycles to failure of the specimen. The letters at the end of each bar are the radiographic severity rating according to ASTM E99-55T (Tentative Reference Radiographs for Steel Welds).
The rate of propogation of the fatigue crack through the section is increased when the internal discontinuity lies in the stress projection and the fatigue crack passes through the discontinuity. For example, the fatigue crack passed through an internal discontinuity in specimen No. 22 (Figure 36 ) and the first fatigue crack appeared at 17,000 cycles and the cycles to failure were 65,000.
All of the specimens, Nos. 16 through 21 ( Figure  36 ), had internal discontinuities of an "E" severity (E99-55T), yet from the standpoint of fatigue cycles, the results were superior to the results obtained in specimens Nos. 10 through 15, in which there were no internal discontinuities. Furthermore, it should be noted that in specimens Nos. 1 to 9 and 22 to 31, the radiographic severity ratings of the internal discontinuities vary from specimen to specimen, and in no instance did the specimens with no discontinuities exhibit the highest number of cycles to failure. Specimens, Nos. 16 to 21, gave the most consistent number of fatigue cycles, although from the standpoint of a radiographic inspection these weldments were by far the poorest.
The location of the fatigue crack and the number of cycles to failure, while not related to internal discontinuities, are governed by the geometry of the surface stress concentration and by the fatigue strength in the region at the edge of the weld. Three photographs are shown in Figure 37 of the weldment L design illustrating the location of the fatigue crack. It will be observed that the location of the fatigue crack is strongly governed by the geometry in the fillet-weld area. The crack propogates, in each case, from the sharp weld metal-plate junctions. A magnetic particle indication was observed in Figure 37c in the region of one of the weld fillets, yet the fatigue crack occurred in the opposite weld fillet. Note the sharper notch effect in the fillet when the fatigue crack occurred.
Castings . . . Figure 38 is a bar graph prepared to show the number of cycles to failure of individual specimens of the 1-L, 2-L and 3-L designs and the radiographic severity rating of the castings in accordance with the reference radiographs of ASTM E71-52. It will be observed that there is no particular pattern of correlation between the number of cycles to failure and the extent of the discontinuities as determined by radiography. For example, specimens 1 to 10 had no internal discontinuities as determined by radiography, and although tested under the same load conditions, the variations in number 26 of fatigue cycles were extensive; five did not even show a fatigue crack after testing to over 10 million cycles, while three specimens (Nos. 2, 3, 5) had initial fatigue cracks at 174, 134 and 216 thousand cycles, and fatigue failure at 545, 213 and 483 thousand cycles. Also, in design 1-L, specimens Nos. 11, 12 and 13 contained shrinkage cavities while specimens 14 and 15 had had no internal discontinuties, yet only specimen No. 13 did not approach 10 million cycles. The same is true for design 2-L. Specimens Nos. 16, 19 and 20 contained no shrinkage cavities while specimens Nos. 17 and 18 contained shrinkage cavities. An examination of the fatigue life shows that the highest number of cycles was for specimen No. 17 which had shrinkage and then there was no significant difference in the fatigue life cycles of any of the specimens. It is evident that fatigue life or fatigue strength is not definitely related to internal discontinuities.
Surface discontinuities, as determined by magnetic particle inspection in the fillet junction area, often had a profound influence on the fatigue life. For example, one steel casting, 3-L design specimen, with magnetic particle indication in the fillet, broke at 19,000 cycles whereas, under similar conditions of loading, four other 3-L specimens free from magnetic particle indications failed at 126,000 to 216,000 cycles.
casting design in this case was the 4-L corner. Specimens 1 and 2 showed magnetic particle indications in the fillet whereas specimens 3, 4 and 5 were free from surface indications.
Another example is presented in Table 18 . The Surface discontinuities, as disclosed by magnetic particle indications, have a severe effect on the fatigue life of cast as well as wrought steel specimens if the discontinuities are in the area of high stress. Surface discontinuities away from the positions of concentration of stress have little effect in reducing the fatigue life of the part.
Limited Fatigue Life Tests for Machined L Specimens
Five casting and five weldment specimens of the 1-L design were machined by milling so as to clean up the fillets to produce smooth, even blending quadrants of a circle. It was necessary to remove different amounts of stock from each specimen to produce a smooth fillet. Therefore, it was necessary to compute a load for each specimen so that the maximum nominal stress in the fillet was 49,000 psi. Table 19 is a consolidation of the fatigue data on the machined inside fillet, 1-L design specimens. The more than the weldments but this is in line with the higher strengths of the steel castings and, therefore, there is not a too significant difference in faThis condition is quite different from that obtained weldments without additional machining to remove surface irregularities which permit stress concentration to exist.
The test data bring out forcefully, that when the designs are identical, with ample, smooth fillets, the life cycles will depend pretty much on the strength of the material; and it matters not whether !he steel is cast, wrought or fabricated by welding.
These data also substantiate a previously made observation that the great advantage in the fatigue life of the steel castings over the fatigue life of the weldments is not so much the result of the slightly higher tensile strengths of the steel castings, but rather to the higher stress concentration factors of the unmachined weldments because of manufacturing methods of fabrication.
Discussion of Results
It was the purpose of these studies to compare corner designs employed in steel castings with those ment corner designs, namely type 5, was found to be distinctly inferior in fatigue properties so only a few test studies were made with weldments of type the same design as casting designs 1 and 2. Castcommercially as weldments.
casting specimens averaged about 1 million cycles produced in welded structures. One of the weldtigue life between the two groups of specimens. 5 . Weldment designs 1 and 2 were, in general, of when the specimens were tested as castings and ing designs 3 and 4 could not be easily produced
The steel castings were always equivalent to the weldments and generally showed marked superiority when judged by static load test at yielding or by fatigue life at a given load.
The strength of the cast steel is higher than that of the wrought steel; however, this is the normal condition of commercial steel castings and weldments. Steel for castings normally has carbon, manganese and silicon contents higher than found in commercial weldments and, therefore, the strength of the cast steel is higher. However, it has been shown by these studies that the difference in yield strengths of the steels explained the differences in load at the yield strength in the static test. The differences in fatigue results, however, were too great to be explained on the basis of differences in the mechanical properties of the steels.
Attempts were then made to explain the fatigue results by differences in specimen dimensions, particularly the width of the joint. Although rather serious deviations from the planned designs were found, no good correlation with the fatigue results was observed, so it is concluded that any effects resulting from variations of dimensions are covered up by the effects of other factors. The only exception to this seemed to be that if the joint in the steel castings with type 3 corner was less than 5/8 inch, the fatigue life dropped off some from that when the dimension was 5/8 inch or greater.
The main reasons for the superiority of the steel castings in fatigue service were the superior surfaces of the castings and the much lower stress concentration because of the well radiused fillets and smooth blending at the point where the fillet joins the junctioning member.
It was observed that casting corner designs, types 3 and 4, were preferred to designs 1 and 2 because they were better casting designs from the standpoint of a lower percentage of discontinuities. Radiographic testing showed that type 4 corner was 93 percent free of discontinuities while only 82 percent of type 1 corners were free of discontinuities. Types 2 and 3 showed soundness in 67 percent and 71 percent, respectively. Despite these facts, type 4 corner designs tested in fatigue had the lowest fatigue life and types 1 and 2 produced the best results.
The poor fatigue life values for the weldments were the result of the formation of flat fillets during welding which permits stress concentration points. If all of the fillets can be machined and true radiused fillets produced, then excellent results with welded joints could be obtained. However, this operation would not be economically feasible if weldments were to compete, price-wise, with castings.
It must be remembered in analyzing these results that for the limited life desired in the tests, the maximum stress levels were high in all designs, probably sufficiently high to cause yielding at the stress concentration points. This would tend to limit the maximum stress imposed on these tests to the yield point.
Conclusions
Joining sections in the form of L sections and box section designs were produced by commercial practices as steel castings and as weldments by welding rolled steel pieces. The following conclusions are:
1-Normal structural parts, as produced in steel castings, are stronger under static loading than commercial weldments for a given design because of the higher carbon, manganese and silicon contents in steel castings and, therefore, the generally higher tensile strength steel employed for castings. The steel for weldments is selected on the basis of its weldability, primarily, so that no stress relief or preheating need be done and the steel properties and carbon, manganese and silicon contents are on the low side as compared to cast steel.
2-Steel castings generally have better fatigue
properties than weldments for the corner designs studied.
3-The steel casting corner designs had fewer discontinuities than the weld fabricated corners.
4-The corner designs produced as steel castings resulted in lower stress concentration than existed in comparable designs as produced by fabrication welding.
5-Stress concentration factors for welded corners are dependent upon the particular shape attained by the weld fillet. Actual values are higher than those found by photoelastic examination of idealized shapes. 7-Corner designs, types 1 and 2, gave the greatest fatigue life. The welded specimens, although they failed earlier, were more consistent than the cast specimens.
8-Cast corner designs 3 and 4 are recommended from the standpoint of castability; however, casting designs, types 1 and 2, are recommended from the standpoint of castings used in fatigue service.
9-There appears to be no consistent difference between hand and machine welded corner design specimens or between as-welded and stressrelieved corner design specimens when these specimens are compared under comparable limited life tests.
10-Internal discontinuities did not reduce the fatigue life of the casting or weldment corner design specimens.
11-Surface discontinuities in the region of the fillet area did reduce the fatigue life of both weldments and castings. In many cases the results were seriously affected.
12-The fatigue life and endurance limits of casting and weldment corner designs were of a similar order of values if the inside fillets of the structures were machined to the same inside radius.
PART II-PHOTOELASTIC STUDIES OF JOINED SECTIONS IN STEEL CASTINGS AND WELDMENTS*
Reference has been made in Part I of this report to the photoelastic studies which constituted a part of the research. Some examples that were necessary to explain the static and dynamic test results were used in Part I. However, this part of the report is devoted to a full explanation of the studies undertaken, and the findings developed from the studies.
Corner Designs
Four corner designs suitable for steel castings and four similar designs as they might be produced as weldments were selected and made in steel and in the photoelastic material CR-39. All photoelastic tests were made to a maximum load of 3.39 pounds.
The casting designs incorporated modifications of inner and outer corner radii resulting in the four shapes shown in Figure 39 . To the steel foundryman, casting designs 3 and 4 appear to be more desirable than l and 2 because the constant section width is less likely to induce manufacturing difficulties along the corner centerline.
Photoelasticity is an experimental method of stress analysis well suited to these research problems. It permits one to see the effect of the shape of an object on the stresses induced in it when it is subjected to loads.
A scale model made of a suitable transparent plastic (Figure 40) , when placed in a beam of polarized monochromatic light will produce dark and light interference patterns which can be interpreted in terms of stress. The model material has the ability to change the velocity of a ray of light passing through it in accordance with the magnitude of stress existing in the model. A polariscope, Figure 41 , is an instrument which will detect this minute change and produce interferences proportional to the difference between the principal stresses at all points in the model.
The interference fringes are numbered in the order in which they appear as the load is applied to the model. In all of this work the light bands are the integral orders. Near the center of the 1-LC model, these dots can be seen. One may start from one of these dots in Figure 42 , or isotropic points, which is zero, and count successively the fringes to some point on the unloaded boundary along which the stress is proportional to the fringe order.
Observation of the development of these stress patterns tells a great deal about the stress distribution in a section. This will be evident in the sequences which follow.
Casting Designs
Casting Design 1 is made up with an inner radius cf 5/8 inch and an outside corner essentially square, having a radius of 1/8 inch. Figure 43 is a closeup of the corner. As the load increases, a dark bandthe 1/2 order fringe-comes into the model from the inside fillet, and along the outer edge (Figure 44 ). The zero order fringe contracts to a narrow band, approximately 1/5 the way across the centerline, and retreats to the outer corner. As the fringes appear, they may be counted in order. At full load the maximum fringe order of 3 appears on the inside fillet (see Figure 44) above and below the horizontal centerline, showing the points of maximum stress. Figure 45 is a specimen of Casting Design 1 as it was broken on the fatigue machine. Note that the failure occurred at the section indicated as most highly stressed by the photoelastic pattern.
The outside corner of Casting Design 1 and the adjacent material is relatively lightly stressed.
Casting Design 2, Figure 46 , has the ineffective material removed and a 5/8-inch radius is used for both inside and outside radii. As the load is applied, a pattern very similar to that of Casting Design 1 appears. Again, the maximum stresses are located on the inner fillet edge above and below the horizontal center line. Figure 47 shows that the full load induces a maximum of 3 fringes. Although the lightly stressed outer corner has been removed, nevertheless Casting Design 2 is effectively as strong as Casting Design 1, even though its throat area is only 81 percent and section modulus is only 66 percent of those of Casting Design 1. A broken fatigue specimen of corner 2C is shown in Figure 48 . Again, the location of the break agrees with the prediction from photoelasticity. Casting Design 4, Figure 52 , is similar to 3 in that the inner and outer radii are concentric, and the throat area and section modulus are the same as for 3, but both radii have been reduced, making the fillet radius 1/4 inch, and the outside radius, 7/8 inch. When Casting Design 4 is loaded, the stress pattern is similar to that of Casting Design 3, but more concentrated because of the smaller radii. The full load is sufficient to induce a stress of 5 fringes maximum at the fillet and about 2 fringes at the left-hand edge (Figure 53 ). This section is approximately 61 percent as strong as Casting Design 1; the loss of 19 percent from 3 is attributable solely to the reduced fillet radius. Figure 54 is the broken fatigue specimen for Casting Design 4. Here, too, the location of the break agrees with that predicted from the photoelastic pattern.
Effect of Casting Discontinuities
Three specimens were prepared based on the shape of the corner of Casting Design 1 to test the seriousness of casting discontinuities in the thickened cast corners. Shrinkage cavities, represented by saw slits of the same shape and size, were placed at different locations across the horizontal centerline of the model.
In the first Design ( Figure 55 ) the shrinkage is positioned about two-tenths of the way across the horizontal centerline from the inside fillet surface. This is about the location of the zero order fringe in the original design. At this location the stress would be constant in all directions if the cavity were not present. Further analysis of the casting without the cavity shows a stress value at this point about 20 percent of the maximum induced at the fillet surface.
The fringes form in the defective model substantially as they did in the design without the cavity. The fringe value around the cavity is not very high, Figure 56 . The two white dots near the ends of the cavity are the zero order, or isotropic points. The maximum fringe value is again 3 at points above and below the centerline on the fillet edge. The stress level on the centerline at the inner edge is slightly higher than before-about 3 fringes. This is the only important effect of the cavity. Therefore, this section is of the same order of strengths as the casting design without the defect.
The next variation represents a casting in which the cavity is located closer to the fillet surface, about one-tenth of the way across the horizontal centerline from the inside surface ( Figure 57 ). As the load is applied to this model, fringes appear first on the centerline. The maximum fringe order above and below the centerline is 3 as before: the throat section adjacent to the cavity is subjected to a maximum of about 4 fringes, Figure 58 . For this location, the shrink cavity weakens the section by about 25 percent . 33 exhibited by the casting designs because of welding partially welded areas and insufficient weld penetration. The photoelastic models were made to certain cases the photoelastic models did not have as sharp junctions as actually existed in the welded steel specimens.
The third variation of Casting Design 1 represents the way across the throat from the fillet edge ( Figure 59 ). This is very near the point on the zero. To the right of this point, the vertical stress is tensile; to the left it becomes compressive. The third variation, Figure 60 , produces a pattern similar to that of the first. The effect of the cavity is less important than in the other two locations. This the other extreme. The slit is located three-tenths of techniques. Also, in some cases there were present, centerline at which the vertical stress passes through represent the actual welded specimens; however, in Weldment Design No. 1 is approximately the equivalent of Casting Design No.1. It has a square model is as strong as the model without a cavity. These tests all show the importance of keeping disouter corner with weld metal deposited in the inner corner to a theoretical radius of 5/8 inch. The comcontinuities away from the surface. Interior located discontinuities produce little or no weakening effect.
Weldment Corner Designs
mercial welding process produces an inner edge shape which tends to be nearly straight with relatively small radii to small sharp corners where it joins the inclined legs as shown in Figure 61 . The photoelastic models were made with small radii of 1/8 inch rather than the sharp corners which were found on most of the weldment specimens.
The points of maximum stress are at the corners made by the inside weld and the legs. The fringe An interesting comparison results when consideration is given as to how the casting design corners might be made as weldments. It was pointed out in Part I of this report that the commercially welded specimens did not have the well radiused fillets as value at these points of stress concentration is dependent on the sharpness of the corners. Under the total loading of 3.39 pounds the maximum fringe value is 3-1/2 with the 1/8-inch radius (Figure 62) . If a sharp corner were employed where the flat weld joined the legs, the maximum fringe value would be higher (about 4-1/2). This indicates that Weldment Design 1 is about 86 percent as strong as Casting Design 1.
A variation of Weldment 1 was prepared in which weld metal deposited on the lower outside edge has been built up to provide a "reinforcement" of the joint (see Figure 63 ).
As the load is applied to this design, it is seen that the points of maximum stress are in the junctures of the inner edges of the plate with the fillet weld. It is also apparent that the reinforcement produces somewhat higher stress than would be present without it. Figure 64 shows that the fringe value in the fillet is 3-1/2, while it reaches 3 or 3-1/2 at the reinforcement as compared to the 2 fringe values in Figure 62 . Such reinforcements are not good design.
Another variation of the Weldment Design 1 illustrates insufficient penetration in the outside weld (Figure 65 ), thereby leaving a crack where the two plates butt together. This crack has been represented in the plastic model by sawing a slit.
As the load is applied, it is seen in Figure 66 that while stress fringes form around the defect, the fringe values at the usual point of maximum stress are of higher order. While the defect may not produce maximum stresses in its immediate neighborhood, it may weaken the section, since a load of 3.39 pounds produces here 3-3/4 fringes. This design represents a strength of 81 percent of that of Casting Design 1, and a reduction of 5 percent from the weldment design without the defect.
Weldment Design 2 represents a weld made by laying two plates together and depositing weld metal both inside and outside of the joint ( Figure  67) . This results in a shape somewhat similar to Casting Design 2, but commercial welding produces an inner fillet shape which tends to be nearly straight with relatively small radii, or sharp corners, where it joins the inclined legs.
The stress fringes form first at the corner made by the inside weld and the legs when this design is loaded. The fringe value at these points of stress concentration is dependent on the sharpness of the corners. The photoelastic model used represents a full scale radius of 1/8 inch. At full load (Figure  68 ), it produces a fringe value of about 3-1/2. This makes this weldment about 86 percent as strong as Casting Design 1 and about as strong as Weldment Design 1. Figure 69 illustrates a group of weldments as they were broken in the fatigue testing machine. In each case the breakage occurred in the region predicted by the photoelastic patterns.
Weldment Design 5 is made by placing two 5/8-inch thick plates together so their corners just touch, and filling in the resulting right angle with weld metal. The idealized model of Figure 70 shows a sharp 90-degree fillet and a 5/8-inch outside radius.
This Figure 71 . The small dot is the zero order isotropic point. Counting from that point, it is observed that there are about 2-1/2 fringes to the left-hand edge and about 5-1/2 at the fillet. The relative strength of Weldment Design 5 is not more than 55 percent of that of Steel Casting Design 1.
Weldment Design 6 (Figure 72 ) is similar to Design 5 in having a sharp inner corner, but because of the different method of fabrication (one plate is butted against the side of the other and the joint welded from the back) the outside edge also forms a square corner. Weldment Design 6 shows a stress pattern very similar to that of Weldment Design 5 at the sharp inner corner, Figure 73 . A load of 3.39 pounds induces a maximum fringe order of 5-1/2 at the inner corner. At the outer corner, the fringe value is, of course, zero. The addition of 41 percent more material has not increased the strength because of the overwhelming stress-raising effect of the sharp fillet.
A variation of Weldment Design 6 illustrates an incomplete penetration of weld metal to the inside corner, as seen in Figure 74 , leaving a small notch at that point. This has been represented in the plastic model by sawing a small notch at the inside corner. A very high concentration of stress results at the base of the notch as the load is applied. The stress is so high that it is impossible to count all of the fringes in the photograph of Figure 75 . A 3.39-pound load induces at least 5-1/2 fringes, and probably several more. A defect of this type can very seriously reduce the strength of the weld.
The second variation of Weldment Design 6 (see Figure 76 ) represents the same condition as the first variation, but has a deeper notch extending approximately one-quarter of the way across the section. The stress pattern (Figure 77 ) again develops rapidly at the base of the notch. The maximum load of 3.39 pounds induces well over 6 fringes. This represents a further decrease in strength below that of the previous variation of employing a very small notch.
A summary of the results of the research can be obtained by reviewing the relative strengths of the corner designs tested, as shown in the chart of Figure 78 . It will be observed that the best weldment designs are only 86 percent of the relative strength of the best steel casting designs.
A second conclusion to be drawn is that discontinuities in either castings or weldments, if located at or near the surface, seriously lower the strength of the section. If they are interior discontinuities located in the areas of low stress, such as near section centerlines, they may have better or no effect on the strength.
Next, it may be concluded that in spite of their greater susceptibility to discontinuities, the corner Casting Designs 1 and 2 are stronger than 3 or 4. It is also evident that the beneficial effect of a generous fillet radius is shown by the fact that Casting Designs 1, 2 and 3, which have the same fillet size of 5/8-inch radius, are substantially stronger than casting design 4 of 1/4-inch radius.
The chart of Figure 79 illustrates the corner designs, as produced in steel, that were tested in fatigue at a constant preload of 1170 pounds. These tests show that the number of cycles before failure for the unmachined steel casting designs were much superior to those of commercial weldments. Sharp radii and metal build-ups are primarily responsible for the low values. The method of welding is not significant in these fatigue tests, and weldment designs 5 and 6 were left out of this comparison because the values were erratic and very low, and the designs are not recommended for fatigue loading.
It is evident that the fatigue tests follow the results as indicated by photoelastic testing and that the streamline shapes obtained by the use of casting design, result in improved structure with the best conditions for static and dynamic conditions of loading.
APPENDIX I AN EXPLANATION OF PHOTOELASTIC STUDIES
The interest of designers and engineers in true stresses, particularly in high load stresses known as "stress concentration", arises from their practical significance, Many engineered parts fail in service because of stress concentration in a particular region, In fact, most failures in high duty machines are caused by fatigue, and these failures are influenced by stress concentration.
A recent aircraft manual cites over 50 failures which originated in regions of stress concentration, and most of them were fatigue failures. A Bureau of Aeronautics publication (NAVAIR Sm-32) states, "Such (fatigue) difficulties are almost always traceable to improper design, fabrication, and maintenance . . . By studying stress concentration factors much can be learned about how to produce designs which are superior from the standpoint of resistance to repeated loads . . . " Repeated loading is the most important condition where stress concentration is damaging, but there are instances of static and impact loading where steel behaves in a brittle manner.
Stress concentration tends to produce failure by fatigue even when the region of stress concentration is very small. Several methods exist for the study of true stresses, such as the mathematical theory of elasticity, strain gages, brittle lacquers, X-ray diffraction, and photoelasticity. Photoelasticity is still one of the most precise methods available in the analysis of two-dimensional stress systems.
Photoelasticity . . . The photoelastic process is an experimental method of stress analysis, employing plastic models and a field of polarized light, which is produced by an instrument, known as a polariscope. The interreaction of polarized light with stressed models produces characteristic "stress patterns", from which the complete distribution of the principal stresses can be determined.
The state of stress for any two-dimensional problem at a particular point of an elastic material can be expressed in terms of the orientation of two perpendicular axes along which no shear stress exists. The axes of no shear are called "principal axes", and the associated stresses are the "principal stresses" at that point.
The velocity of a ray of light passing through photoelastically sensitive material is influenced by the magnitude of the stress existing in the material. A polariscope will detect this minute change in the velocity and will produce interference patterns which are proportional to the difference between the principal stresses at all points in the model. The photoelastic pattern can be used to determine the value of the differences between the principal stresses, not the individual values themselves.
Fringe Order . . . The complicated stress patterns, which are obtained from the polariscope, form in a rather simple way. The basic phenomenon at each stress point under increasing stresses consists of cyclical changes in the amount of light coming through the stress point (point of stress concentration). At zero stress, the image of a point in a standard polariscope is black. The image gets brighter as the stress is increased, reaches a maximum illumination and returns to darkness. Further increases of stress cause this cycle to be repeated.
A definite number of light cycles (n) corresponds to each stress point. All points on the screen (photograph) corresponding to one and the same number of light cycles merge and form one continuous band or fringe of the same illumination. The number (n) is called the fringe order. The fringe order is determined by watching the formation of the pattern under gradual, repeated loading and unloading. Also, the fringe order (n) can often be determined from a static picture, i.e., if the number of fringes can be distinguished. A photograph on black and white film of such a pattern shows light and dark bands on fringes. The fringes are numbered in the order in which they appear as the load is applied to the model. Photoelastic Patterns . . . Photoelastic studies of the various corner designs of the study were made. Photographs of the photoelastic stress patterns are shown in Figures 16 through 20 . As all these photographs were taken against a light background, the resulting integral fringe order appears as light bands (white bars). The half orders, appear as dark fringes (black bars).
Examination of the photoelastic patterns developed in certain specimens shows the tendency of the fringe lines to run together in the regions of stress concentration. It is not possible to count the fringe lines for such a photograph: however, the experimenter can determine the number of fringe lines by relaxing the load to such a degree that the fringes can be distinguished and counted. As the load is again applied to the model, the additional fringes can be counted as they are restored.
In Figure 17 the fringe lines can easily be counted. The three oval-shaped white dots in the knee of the type 2 cast specimen are known as isotropic points (points of equal stress in all directions) and are of zero fringe order. Count one of the isotropic points as zero, then it can be observed that there can be counted six orders (white bars) and a half order (black spot) to the two stress concentration points on the inside fillet. This gives a fringe order of n=6.5 for a load of 6.3 pounds. The fringe order at the middle of the inside fillet is observed to be equal to n=5.
The photoelastic patterns for the cast specimens show the points of maximum stress. The four broken cast steel specimens, shown in Figure 80 , show the usual location of the fatigue crack for each type of specimen. It can be observed that actual location of the fatigue crack for each type design specimen is similar to the location of the point of maximum stress concentration as revealed by the corresponding photoelastic patterns.
An examination of the photoelastic pattern of the L casting designs 1 and 2 (Figures 16 and 17) showed that the corner and outside fillets of these designs are not very seriously stressed. Surface irregularities in these regions will not reduce the fatigue life of the specimen as much as a favorable contour at the inside joint will improve the fatigue life.
It is observed from the photoelastic pattern of L casting design 2 (Figure 17 ) that the stress in the regions of the stress concentration is about 30 percent greater than in region of the fillet where shrinkage is apt to occur. This is shown by the following calculation :
x 100=30 percent. 6.5F -5.0F
5.0F
It has been determined from the photoelastic pattern in Figure 17 that the neutral stress axis is distorted from the geometric neutral axis in the direction of the inside fillet. This tends to make the hot spot of the section, and the neutral stress axis coincide. Thus a shrinkage discontinuity, which, if present, would normally appear at this point and, therefore, would be located at or near the region of minimum stress.
Any discontinuity on the specimen fillet surface which has a local stress concentration effect greater than 1.30 can initiate a fatigue crack in that region and thus cause a failure of the specimen in a region other than that of the maximum stress.
A count of the fringe order for the 4-LC specimen (see Figure 19) from the single isotropic points shows a fringe order of n=9.5 at the middle inside fillet at 6.3-pound load. The maximum stress on the casting 2-L design specimen was about 361 psi per pound load on the model and about 527 psi per pound load on the model in the case of casting 4-L specimen design. Thus, at the same load, the stress in L casting design 4 Table 20 .
Maximum Photoelastic Stress Nominal Stress for the Same Region'
It is to be noted that the stress concentration factors for two of the welded specimens are the same as for the appropriate cast specimens when perfect fillets are employed.
Actual stress concentration values of the weld specimen were considerably greater than was anticipated from the photoelastic studies. For example, the experimental stress concentration factors for the welded 3-L corner varied from 1.72 to 2.44. This, of course, was the result of the wide variation in the actual fillet geometry which included such stress raisers as rough edges, microscopic undercut seams and sharp corners.
These inherent physical conditions could have been eliminated by removing all traces of the weld bead and smoothing the junction of the weld and parent metal by grinding the fillet weld area. This is too costly an operation for a commercially welded fabrication. Since there is a correlation between fatigue life and the stress concentration factors, it is apparent that the performance of a weld is only as good as the quality of the weld surface.
Many of the surface irregularities of the weld were in the order of 1/64 inch: their measurement with 1/8-inch strain gages would result in stress concentration factors which would not appear to be as high as they actually were. Although the experimental stress concentration factors for the 1-LW and 2-LW specimens varied from 1.43 to 2.08 and from 1.54 to 2.52, respectively, the actual variation would, no doubt, have been greater if smaller strain gages had been used.
The equations and calculations for determining the stress concentration value from photoelastic studies are given in Appendix III.
The stress concentration factors for the cast specimens, when determined experimentally with SR-4 strain gages (1/8 inch in length), were found to be slightly less than was indicated by the photoelastic studies. The L casting design 1 gave an experimental stress concentration factor of from 1.16 to 1.24, and for type 2-LC design from 1.15 to 1.30. The close agreement was the result of the castings having inside fillet geometry which was similar to the plastic models.
In Table 21 is a summation of the photoelastic data. An examination of the photoelastic pattern for the 2-LC specimen (see Figure 17) shows that there are actually two points of maximum stress concentration on the inside fillet of this specimen design. Table 21 shows that at these points the σ/P is 361 psi per pound of applied load on the model. The photoelastic study of the 4-LC specimen design shows that there is but a single point of stress concentration which is located at the center of the inside fillet. It should be noted that the photoelastic pattern for 5-LW (Figure 20) indicated that here too there is a single point of stress concentration at the sharp inside corner, and that the magnitude of the stress was found to be 588 psi per pound of applied load on the model. Since fatigue life is related to stress in an inverse sense, the photoelastic study indicated that a low number of fatigue cycles for the 4-LC and 1-LW would be expected. The premature failure of the 4-LC and 5-LW specimens is due to design and is independent of the material.
APPENDIX II EXPERIMENTAL STRESS CONCENTRATION FACTORS OF THE TYPE L DESIGN
The L design is a simple cantilever beam which is acted upon by two components of the applied force. One of the components is a force which tends to bend this cantilever more and more as sections are taken further and further from the bearing-pin hole. These bending stresses are computed by the first term of equation (5), Appendix III.
The other component of the applied force acts on the specimen leg in an axial direction, and the axial stresses are computed by the second member of equation (5) , Appendix III, namely
The axial stresses for these types of specimens are in the order of only 3 percent of the total nominal stress. Therefore, it is reasonable to drop the second term for simplification without introducing extremely large errors into the analysis. Also, it is assumed that the applied force, P, and the specimen width, b, are constant. Thus equation (1) can be rewritten as line of maximum stress. It is altogether possible that the peak stresses could actually have been located 0.05 inch in front or 0.05 inch behind this line and in areas where no measurements were made. The irregularities of the specimen surface and specimen thickness from point to point across the specimen width did not warrant more precise observations when the gage was thought to be sufficient in length to include this possibility. However, this did introduce a source of experimental error that should be understood and taken into account in the interpretation and evaluation of the strain gage data presented.
It is possible that one of the ends of the gage is seriously affected by stresses much less than the peuk if the gage is not located directly over the region of maximum stress. Also, it is possible for both ends of the gage to pick stresses much less than peak if the stress changes considerably over short distances. These special examples point out the strong tendency for the gages to indicate stresses always less than peak. (The terms stress and strain can practically be used interchangeably as long as the reaction of the material to the applied load is elastic.) The moment arm used in calculating the nominal stress was always taken to be at the center of the gage, which may or may not be the exact region of the maximum stress on the specimen.
The experimental tension test data and the corresponding experimental stress concentration factors for the cast and welded specimens are given in Tables 22, 23 and 24. The nominal stress, S, will be a maximum when the components of the term e/h 2 become a maximum. It can be observed that in the region of the fillet, the thickness, h, increases in size with the curvature of the fillet (Figure 81 ). The region where e/h 2 is a maximum is found to occur at or very near to the point of maximum stress as observed from a photoelastic study. The fillets of the welded specimens 1-LW and 2-LW are assumed to be perfect quadrants of a circle.
A statistical examination was made of the experimental stress concentrations for these welded fillets and the following implications were observed:
1. The different stress concentration factors observed on both fillets of the same specimen were thought to be the result of normal variations equally possible between different specimens and specimens of different weldments.
A series of lines about 0.10 inch apart were arbitrarily drawn on the static test specimens perpendicular to the centerline of the specimen leg. These lines were drawn only in the fillet area. The thickness of the specimen was measured at each of these lines. A scribed line was found where e/h 2 was a maximum.
2. There is no real significant difference between the hand-welded and submerged-arc-welded specimens as far as the two different welding processes are concerned.
SR-4 strain gages of 1/8-inch gage length, A-8's, were cemented to the specimen directly over this 3. The difference between the stress concentration factors for the 1-LW and 2-LW, according to photoelastic studies, is only of the order of 1.6 percent. Accordingly, it is assumed that this slight difference is completely lost in the variations resulting from manufacture.
4. The experimental stress concentrations in the hand-welded 1-LW specimen were greater when the fatigue crack was observed to start in the region of the fillet weld and progress into the U-groove weld (see Figure 37b ) than when the fatigue crack was observed to start in the region of the inside fillet and progress through the parent metal (see Figure 37c ). In the case of the submerged-arc welded specimens, the converse can be seen in Table 24 . Therefore, it is concluded that there is no real difference in the stress concentration factor for the 1-LW design, regardless of the location of the origin of the fatigue crack.
APPENDIX III BASIC CALCULATIONS OF STRESS CONCENTRATION FACTORS FROM PHOTOELASTIC DATA
The most practical contribution of photoelasticity has been in determining factors of stress concentrations which are defined as the ratio of maximum stress divided by the nominal stress. The stress concentration factor is called K t . Thus Photoelastic Stress Determination . . . The alternating black and white striped photoelastic patterns are interference fringes of monochromatic light caused by changes in the optical properties of the photoelastic material of the models because of the presence of shearing stresses. These interference fringes represent the difference between the principal stresses in the model as interpreted from the stress-optic law:
where p = maximum principal stress q = minimum principal stress f = constant of the photoelastic material, the fringe value t = thickness of the photoelastic model n = interference fringe order At a free boundary of the model, the principal stress normal to the edge is zero and equation (2) reduces to where σ = the stress parallel to the edge = p if tensile, q if compressive Numerical values of σ can be determined if the fringe order n at a point on a boundary, and the constant f, the fringe value of the model material, are known. (1) the specimen legs are rectangular in cross section (2) the maximum stresses occur on the surface (3) photoelastic studies showed maximum stress to occur in the region of the point of tangency between specimen legs and the inside fillet for Type 1-LC, 2-LC, 1-LW and 2-LW specimens (4) of the direction of the applied load on the specimen Figure 81 indicates the geometric criterion upon which the nominal stress is calculated for specimens in which h 1 /h 2 is less than 1. In such cases the photoelastic stress at point 1 is greater than the stress at point 2, and, therefore, the stress at point 1 is computed by using equation (5) .
Calculated Stress for Type 3-LC and 4-LC Specimen Designs . . . Photoelastic study of specimen Types 3-LC and 4-LC showed the region of maximum stress to occur on the inside fillet and on a section through the middle of the knee. When h 1 /h 2 (see Figure 81 ) is equal or greater than 1, the photoelastic stress at point 2 is greater than the stress at point 1 and the nominal stress at point 2 is computed by Figure 81 indicates the proper geometric criterion for equation (6 
APPENDIX IV DELAYED YIELDING PHENOMENON Finite Fatigue Life
The ever-pressing problem of weight reduction in the aircraft industry has pointed out the practicability of finite fatigue life in design. While the endurance ratio is an important guide in the evaluation of materials intended for infinite fatigue life, nevertheless, Sinclair and Dolan (1) questioned the true significance of this design parameter because fatigue tests of specimens loaded to the static ultimate strength and even beyond still went through several thousand stress cycles before complete failure took place.
The intended operation of a component part of a machine for finite life should be appraised in the light of the "delayed yield" phenomenon. In a study of the process of yielding of single crystals of iron under dead-weight static loads, Gensamer and Mehl (2) observed that the elongation of their specimen did not begin immediately after the application of the load, or at least the elongation was very slow at first. After an interval of time, often several hours, the rate of elongation began to increase: and after more time, the rate of elongation decreased to zero and the specimen assumed a steady state.
Subsequently Clark, Wood, and Johnson (3, 4) among other investigators, studied this phenomenon of delayed yield after the application of loads at very rapid rates. They found that those materials which exhibit a definite yield point in the static tension test required a definite interval of time for the initiation of plastic deformation when the applied loads resulted in stresses greater than yield. As it can be seen in Figure 84 , reproduced from their earlier study, the time to initiate plastic strains in low-carbon steel was found to vary from 5 miliseconds at a stress of about 51,000 psi to 6 seconds at a stress of 37,000 psi. The lower static yield stress of the low carbon steel was found to be about 31,000 psi.
Some of the implications of the delayed yield phenomenon were observed in the study of the data of the static tension test specimens for type L welded specimens. Here the average proportional load for these specimens was found to be about 887 pounds.
For the wave form and the axis chosen in Figure  85 , The duration of load over and above the proportional load extends from 21° 21' to 158° 39' of each load cycle and is equal to 137° 18' of the cycle. The period of a single cycle on the Sonntag Universal Fatigue Testing Machine is 1/30th of a second. adjustments in the first few thousand cycles until after the appearance of the initial fatigue crack.
Where the stress frequency in actual application is equal or greater than the test frequency, a fatigue test for finite life will give a fair appraisal of the behavior of the material tested. But when the stress frequency on the component part under design is less than the test frequency, the delayed yield phenomenon must be taken into account. At conventional fatigue testing machine frequencies, a material being tested can go through several thousand cycles before failure at the static tension test ultimate strength: but the same material will fuil in one-half of a cycle when the period of the test cycle is indefinitely large (5) .
